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ISOCITRIC DEHYDROGENASE ACTIVITY OF HUMAN EPIDERMIS*
C. N. P. CRUICKSHANK, M.D.,t F. B. HERSHEY, M.D. AND C. LEWIS, B.S.
It has been suggested that the tricarboxylic
(Krebs') cycle does not operate as such in skin
but that instead a pyruvate-succinate 'shunt'
takes place. This hypothesis is based on negative
evidence in that Barron, et at (1) found that
neither citrate nor a-ketoglutarate caused any
increased oxygen uptake when added as a sub-
strate to rat skin slices respiring in vitro. In
addition, Barron, using the method of Adler,
et at (2), did not find any isocitrie dehydrogenase
activity in skin. Griesemer and Gould (3) ob-
tained a stimulation of respiration of homogen-
ates of rat skin from a-ketoglutarate but not
from citrate. Cruickshank, et at (4) showed that
citrate caused transitory stimulation of guinea
pig ear skin slices and that a-ketoglutarate was
without effect.
Recently, however, Lowry (5) developed an
extremely sensitive method for the estimation
of isocitric dehydrogenase activity in rabbit
brain and with his permission and advice, we
have used this method (as yet unpublished) to
reinvestigate the isocitric dehydrogenase activity
of human epidermis.
METHODS
The method is based on the fact that, in the
presence of manganese, isocitric dehydrogenase
(ICDH) will transfer hydrogen from sodium
isocitrate to the oxidized form of triphospho-
pyridine nucleotide (TPN), forming reduced
triphosphopyridine nucleotide (TPNH) and
oxalosuccinate. The TPNH produced by this or
other enzymes may be measured with a spectro-
photometer at 340 mit. However, the fluorometric
method devised by Lowry (6) will measure con-
centrations of TPNH as low as l0 moles per
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liter, i.e., one thousand-fold more sensitivity can
be obtained and thus the analysis of very small
samples of tissue is possible.
Homogenates of human epidermis are prepared
by a modification of the stretch method devised
by van Scott (7). Strips of skin about 1 cm. wide
and 10 to 15 cm. long obtained at operation or from
fresh postmortem material are washed in cold tap
water for fifteen minutes. The fat is trimmed from
the dermis and the skin is stretched manually
between Kocher hemostatic forceps. Gradual firm
extension with intermittent relaxation is used
until the skin is approximately one and one-half
times its original length. During this process
beads of moisture can be seen to exude from the
epidermis. When wrinkling of the epidermis
appears, the strip of skin is stretched and held
firmly round the outside of a beaker of suitable
size and the epidermis scraped off with a scalpel
blade held vertically to avoid removing any
dermis. The scrapings are weighed quickly and
homogenized by hand in a snug-fitting ground
glass homogenizer. Satisfactory suspensions are
obtained in a few minutes. Homogenates are
first made in a dilution of 1:10 in iced water and
then subsequently diluted to 1:100 for completion
of the experiment.
Frozen dried sections of skin and skin append-
ages were prepared for some experiments in the
manner adapted for skin by Hershey and Mendle
(5) after the method of Lowry (9). From such
unstained sections (Fig. 1) individual samples
of epidermis, dermis, hair follicle, sebaceous
gland, and sweat gland weighing 0.5 to 5 micro-
grams may be dissected under a microscope and
weighed on a quartz fibre "fish-pole" balance.
The buffer substrate mixture which gives
optimum conditions for the reaction is shown in
Table I.
For homogenates the reaction is carried out
as follows. Aliquots of 100 microliters of buffer
substrate are pipetted into 7 x 10 mm. tubes in an
ice bath. To these are added 35 mieroliters of 1:100
epidermal homogenate. Blanks consist of the
reaction mixture only. Blanks containing homo-
genate are unnecessary because of the extreme
dilution of the final fluorescent mixture. All water
is double-glass distilled to keep the blanks low.
The standards consist of 1.5 microliters of
TPNH 10 mM/l. added to 100 microliters of the
buffer substrate mixture. The stock TPNH
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Fio. 1. Frozen and dried, unstained sections of skin showing: epidermis, (Ep); dermis, (D); seba-
ceous gland, (Seb); sweat gland, (Sw); and hair follicle, (HF). (X 40)
solution is kept frozen and its purity and stability
are checked by the optical density at 340 me
prior to use.
The tubes are incubated for thirty minutes at
38°C. and then returned to the ice bath. The
reaction is stopped by pipetting 20 microliter
aliquots into 3 ml. fluorometer tubes containing
TABLE I
Composition of the reaction mixture
Reagent° Stock Concentration inReaction Mixture
1 mM/i.TPN 10 mM/I.
Sodium Isocitrate
(DL) 200 mM/i. 30 mM/i.
Manganese Chloride. 100 mM/I. 0.04 mM/I.
Bovine Serum Albu-
min 10% 0.05%
Nicotinamide 1.0 Mu. 20 mM/i.
Tris (hydroxymethyl)
aminomethane
(Tris) pH 8.2 0.1 M 0.08 M
Disodium versenate is supplied by Fisher
Scientific Company, St. Louis, Missouri.
* TPN, Tris, TPNH for standards and iso-
citric acid are all supplied by the Sigma Chemical
Company of St. Louis, Missouri. TPN is the
sodium salt, 95—100% pure; Tris is listed as Sigma
buffer 7—9. TPNH is the sodium salt. Isocitric
acid is the trisodium salt (DL).
1 ml. of a mixture which is 1 mM/i. sodium versene
and 0.05 M/l. K2HPO4 . The fluorescence of
TPNH is stable in this solution for more than
twenty-four hours at room temperature. Fluores-
cence is directly proportional to the concentration.
The fluorometer used was the Farrand Model A.
The fluorescence is excited by the Mercury line
at 365 m which is isolated with the primary
Corning filter No. 5860. The fluorescent light is
filtered through secondary filters, Corning Nos.
4308, 5562, and 3387, and is amplified and meas-
ured on a galvanometer. The fluorescence of
standard quinine solutions of 0.005 to 5.0 micro-
grams/ml. is used to set the galvanometer.
To measure the activity of dissected portions
of frozen dried skin, the weighed sections are
carefully placed in the bottom of 2.5 x 50 mm.
tubes. They are carefully covered with 20 micro-
liters of the buffer substrate and the tubes incu-
bated thirty minutes at 38°C., then returned
to the ice bath. 16 microliter aliquots are
pipetted into 1 ml. of versene-phosphate mixture,
in the fluorometer tube and the fluorescence meas-
ured as previously described.
RESULTS
Table II shows the effects of omitting each
constituent of the reaction mixture. In the ab-
sence of isocitrate and TPN no reaction occurs.
For optimal activity manganese is necessary and
when it is omitted very low activity is obtained.
When versene 0.05 mM/i. is also added to the
P.
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TABLE II
The effect of omitting each constituent
of the reaction mixture
Corn-
Rction
Mixture
Iso-TPNOmit- citrate
ted Omit-ted
Mn
Omit-
Mn++
Omitted,
Versene
Added
(0.04 mM
/1.)
Nico-
tin-
amide
Omit-
ted
Activity,
Moles!
Kg./Hr.. 0.236 0 0 0.019 0 0.239
reaction mixture, no reaction occurs, probably
because traces of manganese or magnesium in
the homogenate are bound. Lowry (5) included
nicotinamide to prevent enzymatic destruction
of TPNH by brain. Its omission in our experi-
ments caused no loss of activity, so it would seem
that for skin, nicotinamide is not necessary.
Fig. 2 and 3 respectively show the effect of
incubation time and tissue concentration on
activity and demonstrate that within the ranges
used the rate is directly proportional to these
factors. Fig. 4 shows the maximal activity at
about pH 8. It may be of interest that several
enzymes concerned with carbohydrate metabo-
lism of skin have p11 optima about pH 8 and we
have found in unpublished experiments that the
respiration of skin slices is maximal in the same
range.
The reproducibility of results can be estimated
by comparing a series of separate estimates of
61
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EFFECT OF TIME OF I NCUBATION
EFFECT OF VARIOUS CONCENTRATIONS
OF EPIDERMIS
activity of the same homogenates. On such a
series of five estimates on one homogenate and
on four of another, mean values of 0.229
Moles/Kg./hr. and 0.272 Moles/Kg./hr. re-
spectively were obtained, the standard error of
the means being and The mean
value of a series of homogenates from six different
persons was 0.243 Moles/Kg. /hr. with a standard
error of This mean level of isocitric
dehydrogenase in skin was almost one-third of
that found for rabbit brain (5).
Table III shows the isocitric dehydrogenase
activity of various parts of the skin. It will be
seen that with the exception of one estimate of
EFFECT OF pH ON ACTIVITY
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FIG. 3. Effect of various concentrations of
epidermis. Abscissa is micrograms of epidermal
homogenate per microliter of reaction mixture.
The ordinate is the fluorescence which is the
galvanometer reading after subtracting the blank.
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FIG. 2. Effect of time of incubation. The reac-
tion mixture is incubated 15, 30 and 60 minutes.
The ordinate shows the fluorescence which is the
galvanometer reading after subtracting the blank.
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Foe. 4. Effect of pH on the activity of isocitric
dehydrogenase of epidermis.
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TABLE III
Isocitric dehydrogenase activity of various skin structures
Activity of 0.5 to 5 Microgram Samples (Dry Weight) of
Epidermis Dermis Hair follicle Sebaceoos gland Sweat gland
H/Kg/hr
1.57
1.50
1.57
1.33
0.39
0.91
1.48
H/Kg/hr
0.07
0.04
0.14
0.09
0.05
0
—
H/Kg//sr
0.75
0.89
1.09
0.80
0.82
—
—
H/Kg/hr
3.46
4.92
3.18
2.52
0.58
2.36
—
H/Kg/hr
1.41
1.94
2.10
1.78
2.42
1.97
1.43
Mean SE. 1.25 0.17 0.08 0.02 0.87 0.06 2.84 0.63 1.86 0.13
epidermis and one of sebaceous gland, the re-
producibility is good.
The epidermis and its nppendages are quite
active. The activity of sebaceous gland is con-
siderably higher than that of epidermis and hair
follicles, Which is lowest. Clearly there is little
activity in the dermis, corresponding to its
relative acellularity.
DIscussIoN
This investigation was undertaken primarily
because Barron's failure to demonstrate isocitric
dehydrogenase and the fact that citrate and a-
ketoglutarate did not consistently stimulate
respiration of skin in vitro, gave rise to specula-
tion as to whether the Krebs' cycle functioned
in skin. Recently, alternative pathways of citrate
and isocitrate utilization have been shown in
micro-organisms (12). We have been able to show
that isocitric dehydrogenase is indeed present
in human skin. Although aconitase and a-keto-
glutarate dehydrogenase have not yet been
demonstrated, the presence of isocitric dehydro-
genase makes it unnecessary to postulate other
pathways for citrate utilization in skin. In the
epidermis the activities found may be compared
with those of other enzymes measured in similar
material. For example, Hershey, et al (8, 10)
have shown that lactic dehydrogenase, succinic
dehydrogenase, fumarase and malic dehydro-
genase are highly active in epidermal homogen-
ates and in sections cf frozen and dried epidermis
and epidermal appendages. Other enzymes and
other pathways may subsequently be demon-
strated, but it is now apparent that the Krebs'
tricarboxylic cycle can operate in skin as in other
mammalian tissues, and is highly active.
The micromethod has the advantage of per-
mitting localization of the enzyme in various
parts of the skin. When comparing activities of
the homogenates and sections it should be re-
membered that the section data are based on a
dry (frozen-dry) weight. Assuming, however,
that the wet weight/dry weight ratio is of the
order of about 3.5:1(11) the activities obtained
for homogenates are almost 70 per cent of the
activity of sections of epidermis.
The high values for sebaeeous gland are also
of interest because another TPN linked enzyme
system, the aerobic or direct oxidation of glucose
by glucose-6-phosphate dehydrogenase is more
active in sebaceous glands than in other skin
structures (8).
The isoeitric dehydrogenase (ICDH) of some
mammalian tissues shows slight activity with
DPN, but only one-twentieth to one-thirtieth of
the activity showR with TPN (13). The TPN-
linked ICDH has been partially separated and it
shows other differences in p11 optima, etc.
Estrogen has no effect on the TPN-linked sys-
tem (14). If a DPN-linked ICDH is present in
epidermis its activity is less than one-twentieth
of the TPN enzyme. Further investigation of
this problem is necessary.
SUMMAEY
1. An extremely sensitive and reproducible
method is described for measuring the isocitric
dehydrogenase activity of skin.
2. The method has been used for homogenates
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of human epidermis and for fragments of skin
appendages weighing 1.0 to 5.0 micrograms dry
weight.
3. Epidermal homogenates have a mean ac-
tivity of about 0.24 Moles/Kg. wet weight/hr.
4. Analysis of frozen dried skin sections show
that the mean activity of epidermis, dermis,
hair follicle, sebaceous gland and sweat glands
are respectively 1.25, 0.08, 0.87, 2.84, 1.86
Moles/Kg. dry wt./Hr.
5. These findings are discussed in relation to
the carbohydrate mechanism of skin, and in
conjunction with other evidence suggest that the
tricarboxylic cycle functions in skin.
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